The dissolved ozone effect on metal corrosion behavior in water was investigated by immersion tests at stagnant state, slow flow state and fast flow state, and by electrochemical measurements at stagnant state. Corrosion rates for low alloy steels, copper and brass increased with increasing ozone concentration at various water flow states. Carbon steel also showed the same behavior at stagnant state. This is because ozone acts as an accepter of electrons produced by the metal dissolution reaction.
Introduction
Recently, ozone has been used in various fields, especially in environmental pollution control technology, such as sterilization, deodorization and denitrification. Ozone is such a powerful oxidizing agent that it is feared that corrosion problems will appear for metals used in apparatus contacted with ozone. However, few data have been published concerning the ozone effect on metallic corrosion'.
Both ozone and oxygen are oxydizing agents, but the former is a stronger oxidant, as expected from the oxidation potentials. It is interesting and useful to find differences or similarities in effects upon metals in water between ozone and oxygen2), 3) . It seems to be worthwhile to obtain metal corrosion rate data in water containing ozone.
Experimental Procedures 2.1 Ozone Supply
Ozone was generated by a silent discharged ozone generator, made by Nippon Ozone Co., Ltd., and introduced into the test cell containing deionized water by bubbling. Concentrations were varied between 0 to 7.1 mg/l. The test water was always saturated with oxygen, because only a few percent of raw oxygen was converted into ozone by the ozone generator. The dissolved ozone concentra-tion in water was analyzed by the following chemical method4) M.Ozone containing water was introduced into a potassium iodide solution. Released I3 concentration, according to Eqs. (1) and (2) , which was equivalent to the ozone concentration, was analyzed by measuring UV absorption spectrum at 353 nm wavelength.
03+2 KI+H2O-*I2+02+2 KOH (1) I2 +KI-I3+K+
(2) 2.2 Method and Experimental Procedure Test water used was deionized water with specific conductivity less than 1uS/cm. Three types of experiments were carried out. The first was at stagnant state, as shown in Fig. 1 . The second was at slow flow state (5-10 cm/s), where water was recirculated with a miniature pump coated with teflon and the last was at fast flow state (1.7m/s), where test pipes were inserted between the inlet and the outlet of a circulating pump. As dissolved ozone (DO3) is decomposed easily into oxygen in neutral deionized water6),7), it is difficult to keep a constant ozone concentration for a long time by adjusting the working voltage of the ozone gene- Fig Fig. 2 , where DO3 is saturated after about 30 to 40 minutes ozone supply. After stopping the ozone supply, DO3 concentration decreased with time lapse. The DO3 change with time lapse showed good reproducibility. In this experiment, ozone was supplied into test water a few times a day as one hour supply at one time. So, total ozone supplying time was about 10% of whole immersion time. The maximum DO3 concentration in deionized water was confined to 2.1 mg/l, when it was generated from air, and to 7.1 mg/d from pure oxygen at 230C, according to ozone partial pressure. Coexisting dissolved oxygen (DO) concentration was 8.5 mg/l, for the former case, and 38 mg/l, for the latter case. When air was used as a raw material for ozone preparation, nitrogen oxide (NOr) was generated at the same time. This nitrogen oxide was thoroughly removed by bubbling through water before introducing into the test cell. Wasted ozone was absorbed in a potassium iodide solution and decomposed by activated carbon.
Test materials used were carbon steel (JIS SS 41), 1 Cr-0.2 Mo steel (JIS SCM3), 2.7 Ni-0.8 Cr steel (JIS SNC2), type 304, type 430 and type 403 stainless steels, copper (JIS TCuPI), and brass (JIS BsP3).The chemical compositions of specimens are given in Table 1 . Specimens were cut into 1 cm wide, 10 cm long and 0.2cm thick samples. They were polished with 0.5um A12O3, degreased with acetone, dried, weighed and placed in the immersion cell. For the fast flow experiment, pipes with 1cm inside diameter were cut to 5cm long, degreased with acetone, dried, weighed and inserted into the piping of a test loop composed of silicone piping and teflon pump. After some fixed immersion times, test samples were weighed to obtain the corrosion rates.
Electrochemical measurements were carried out to obtain further informations on the effect of ozone. By using an impedance converter, the corrosion potentials were recorded vs. saturated calomel electrode (SCE) through a Luggin capillary made of ceramics. Current-potential curves were obtained by potentiodynamic measurements. Solutions for the electrochemical measurements were prepared with distilled water and guaranteed reagent chemicals.
Results and Discussion 3.1 Metal corrosion rates
Corrosion rates for various metals, calculated from the weight losses which occurred during the immersion periods, were tabulated in Table 2 . The data were averaged values of two or three samples. Relative errors between samples were less than+30%.
Corrosion rates for carbon steel (SS 41) and low alloy steels (SCM 3 and SNC 2) were 2 to 3 times larger in the presence of 2.1 mg/l ozone than the values in the absence of ozone in Oxygen concentration is 8.5 mg/l for ozone concentration less than 2.1mg/l, 38mg/l for ozone concentration larger than 3.5mg/l. Curve a' was obtained by subtracting corrosion rates measured in the presence of oxygen (Table 3 ) from curve a. Oxygen concentration is 8.5mg/l for ozone concentration less than 2.1mg/l, 38mg/l for ozone concentration larger than 3.5mg/l. Curves a', b' and c' were obtained by subtracting corrosion rates measured in the presence of oxygen (Table 3) rates in the presence of ozone and oxygen, where DO3 concentrations change, while DO concentration is 8.5mg/l when DO3 is less than 2.1mg/l, and 38mg/l when DO3 is larger than 3.5mg/l. Curve a' in Fig. 3 and curves a', b' and c' in Fig. 4 are obtained by subtracting corrosion rates for ozone free experiments (see Table 3 ) from each curve for ozone containing water, namely a' from a in Fig. 3, a' , b' and c' from a, b and c in Fig. 4 respectively. Corrosion rate for carbon steel (curve a' in Fig. 3 , which is considered to indicate only ozone effect,) increased with increasing ozone concentration.
The corrosion rate for stainless steel (curve c' in Fig. 4 ) was not affected by ozone. Corrosion rates for copper and brass (curve a' and b' in Fig. 4 ) increased with increasing ozone concentration, but they approached saturated values. These phenomena may be explained by assuming that corrosion product films retard the ozone diffusion through the film as in the case of oxygen12),13).As the result, corrosion product films were thought to be left in lower oxidation state as in the case of oxygen14).
The effect of dissolved ozone on the corrosion rates of metals has been discussed. Metals dissolve according to Eq. (3), and ozone is reduced by the Eq. (4) in neutral solutionsi5), 16) , and the produced oxygen is also reduced to hydroxyl ion (Eq. 5).
Me-Men++ne (3) 03+H2O+2e-O2+2OH-(4) 02+2H2O+4e-4OH-(5) This means that ozone acts as an acceptor of electrons produced by metal dissolution reaction (Eq.
3). Thus ozone seems to increase the rate of reaction shown in Eq. (3).In other words, metal corrosion rate increases as DO3 concentration increases. In fact, for almost all the metals tested in our case, this tendency was observed ( Table 2) .
As shown in Fig. 3 , the corrosion rates for carbon steel in stagnant water are very large in the presence of ozone. X-ray analysis data for the corrosion products of carbon steel are tabulated in Table 4 , where the structure of corrosion products in the presence of ozone and that in the absence of ozone are different. All the oxides were found as trivalent state in the former products. It suggests that the ferrous ions produced by the corrosion reaction of carbon steel (Eq. 6) were immediately oxidized to ferric ions by ozone, Fe-Fe2+2 e (6) and the ferric ions precipitate as bulky oxides or hydroxides (Eq. 7), so that ozone promotes the reaction (6) .
2Fe2++40W+03+H2O-*2 Fe(OH)3+02 (7) That is, ozone acts not only as an acceptor of electrons, which are produced in Eq. (6), but also acts as an oxidizing agent for ferrous ions and increases the corrosion rates of carbon steel.
Electrochemical tests
The corrosion potentials of a carbon steel and stainless steels in stagnant water with the addition of ozone were measured. As shown in Fig. 5 , all of those values shifted to noble direction with the supply of ozone. This tendency was particularly noticeable in the case of the stainless steels. The maximum potentials were, for example, +860 mV with type 304, +780 mV with type 430 and+750 mV with type 403 stainless steel samples. This corrosion potential series.corresponds to corrosion resistivity of alloys. Namely, the most anticorrosive metal with high chromium content showed the most noble corrosion potential. These positive corrosion potentials were maintained for long time after stopping the ozone supply, as shown in Fig. 5 .
This means that stainless steel are strongly passivated by ozone. The corrosion Table 3 Corrosion rates* (mg/dm2.day) for metals in deionized water containing dissolved oxygen at room temperature * Corrosion rate is the averaged value for 2 or more specimens. Table 4 Structure of the corrosion products analyzed by X-ray diffraction potential for a carbon steel shifted also to noble direction with the addition of ozone. This means carbon steel can be passivated by ozone as in the case of the fast flow condition. However, the potential shifted gradually to less noble direction when the addition of ozone ceased and returned to its initial level after 20 hours. Once the carbon steel began to corrode, the corrosion potential no longer shifted to noble direction with the addition of ozone. In such a case, ozone is thought to be reduced according to Eqs. (4) and (5) , and increases the carbon steel corrosion rate. The anodic polarization curves, for a carbon steel in 0.15 N boric acid-sodium borate (pH=8.4) solution, were shown in Fig. 6 . There were no significant differences between anodic polarization curves obtained in the presence and the absence of ozone. Anodic polarization curves for carbon steel in 0.1 M sodium sulphate, and those for stainless steel in 0.15 N boric acid-sodium borate (pH= 8.4) solution and 0.1 M sodium sulphate solution also showed no significant changes due to ozone addition. On the contrary, clear differences were observed in the cathodic polarization curves, as shown in Fig. 7 , where those for carbon steel in 0.15 N boric acid-sodium borate (pH=8.4) solution were reproduced.
Cathodic currents increased with increasing ozone concentration, whose values at -0.9 V were plotted against the DO3 concentration, as shown in Fig. 8 . The currents increased with increasing DO3 concentration, suggesting ozone was reduced according to the reactions (4) and (5) at the carbon steel surface. This relates to the result that the corrosion rate for carbon steel, copper, brass and low alloy steel .0mg/l, 03=0.0mg/l, b) 02=8.5mg/ /, 03=0.0mg/l, c) 02=8.5 mg/l, 03=2.1 mg/l, d) 02=38 mg/l, 03 =0.0mg/l, e) 02=38 mg/l, 03=7.1 mg/l. were increased in the presence of ozone at stagnant and slow flow state ( Table 2 ).
Conclusion
The D03 effect on metal corrosion behavior in water was studied by immersion tests and electrochemical measurements. Effects of ozone were different with different metals, water purity and water flow. Type 304, 430 and 403 stainless steels were strongly passivated by ozone. Carbon steel was also passivated in deionized water at fast flow state, which indicates that ozone also has the same passivation effect as oxygen on carbon steel. However the corrosion rate increased in slaw water flow or in stagnant water. In this case, ozone acts as an accepter of electrons produced by the metal dissolution reaction. Corrosion rates for copper and brass increased with ozone.
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